. fied by postspike effects (PSEs) in spike-triggered averages Response patterns and force relations of monkey spinal interneu-(STAs) of muscle activity. This technique has elucidated rons during active wrist movement. J. Neurophysiol. 80: 2495-the projections and response properties of premotor cells in 2513, 1998. The activity of C 6 -T 1 spinal cord neurons was re-primary motor cortex [corticomotoneuronal (CM) cells corded in three macaques while they generated isometric wrist (Fetz and Cheney 1980; Lemon et al. 1986)], red nucleus flexion and extension torques in visually guided step-tracking tasks. [rubromotoneuronal (RM) cells Electromyographic activity (EMG) was recorded in°12 indepenand Cheney 1991)], and peripheral afferents in dorsal root dent forearm muscles. Spike-triggered averages (STAs) of rectified ganglia (DRG cells) (Flament et al. 1992) . Segmental spinal and unrectified EMG were used to classify neurons into four groups. Motoneurons (MNs) had a clear postspike motor unit sig-interneurons provide another major source of direct input nature in the unrectified STA of one muscle. Premotor interneurons to motoneurons. Specifically, spinal premotor interneurons (PreM-INs) had postspike effects in at least one muscle, with onset (PreM-INs), i.e., those producing PSEs on motoneurons, latencies of ¢3.5 ms from the trigger. Synchrony interneurons play a major role in shaping motoneuron discharge. These (Sy-INs) were non-PreM-Ins that had spike-related features with neurons receive convergent projections from various delatencies õ3.5 ms in at least one muscle. Unidentified interneurons scending tract neurons, including cortico-, rubro-and retic- 
groups. Motoneurons (MNs) had a clear postspike motor unit sig-interneurons provide another major source of direct input nature in the unrectified STA of one muscle. Premotor interneurons to motoneurons. Specifically, spinal premotor interneurons (PreM-INs) had postspike effects in at least one muscle, with onset (PreM-INs), i.e., those producing PSEs on motoneurons, latencies of ¢3.5 ms from the trigger. Synchrony interneurons play a major role in shaping motoneuron discharge. These (Sy-INs) were non-PreM-Ins that had spike-related features with neurons receive convergent projections from various delatencies õ3.5 ms in at least one muscle. Unidentified interneurons scending tract neurons, including cortico-, rubro-and retic- (U-INs) showed no features in any of the STAs. A total of 572 ulo-spinal fibers, as well as from cutaneous and proprioceptask-related spinal neurons were studied; 29 cells were MNs, 97 tive afferent fibers. In the companion paper (Perlmutter et 32 Sy-INs, and 414 U-INs. MNs were activated predomal. 1998), we described the output properties of PreM-INs inantly in a tonic fashion during the ramp-and-hold torques and were active in one direction only. The most common response identified by STAs of forearm muscle activity. In this paper, pattern for interneurons, irrespective of their class, was phasic-we quantify the task-related responses of PreM-INs and other tonic activity, followed by purely tonic and purely phasic activity. intraspinal neurons during voluntary wrist movement.
Most interneurons (77%) were bidirectionally active in both Spinal interneurons have been studied most extensively flexion and extension. For all classes of interneurons, units with in the lumbo-sacral segments of anesthetized cats. They have phasic response components tended to be activated first, before been classified physiologically according to their peripheral torque onset, followed by tonic units. The onset times of PreMinput and anatomically according to their locations in RexINs relative to onsets of their target muscles were distributed ed's laminae (reviews: Baldissera et al. 1981 ; Jankowska broadly, with a mean of 025 { 128 (SD) ms. For most neurons with tonic response components (all MNs, 71% of PreM-INs, 67% 1992) . Identified interneurons such as Ia-inhibitory interneuof Sy-INs, and 84% of U-INs), activity during the hold period was rons, Ib interneurons, Renshaw cells, flexor reflex afferent correlated significantly with the magnitude of static torque exerted interneurons, and others have been characterized during segby the monkey. The rate-torque regressions generally had positive mental reflexes and fictive locomotion, from which their slopes with higher mean slopes for extension than for flexion. The roles in voluntary movement have been inferred indirectly. phasic response components were correlated significantly with rate For example, Ia-inhibitory interneurons may be responsible of change of torque for a smaller percentage of tested PreM-Ins primarily for inhibiting motoneurons in reciprocal move-(50%), Sy-INs (83%), and U-INs (77%). In contrast to other ments. The Ib-interneurons, with a broader pattern of diverpremotor neurons [corticomotoneuronal (CM), rubromotoneuronal (RM), and dorsal root ganglion (DRG) afferents] previously gence, may be responsible for wider motor synergies across characterized under similar conditions, a larger proportion of the muscles acting at different joints. Recurrent inhibition via spinal PreM-INs were activated after onset of their target muscles, Renshaw cells may have a role in coactivating antagonist probably reflecting a larger proportion of PreM-INs driven by pe-muscles. These hypotheses emphasize the need for direct ripheral input. The rate-torque slopes of PreM-INs tended to be physiological evidence regarding the role of spinal interneuless steep than those of CM and RM cells. Unlike the CM and rons during voluntary limb movements.
DRG PreM afferents, which were activated unidirectionally, most
The extent to which the properties of interneurons in the (Fritz et al. 1989 ) and Renshaw cells (Horner et al. 1991 ) forearm motoneurons during voluntary movement must into motoneurons may be organized differently in the forelimb clude synaptic inputs from several groups of last-order neurons. In behaving animals, such premotor cells can be identi-segments than in hindlimb segments in the cat (Hamm et peripheral afferents (Flament et al. 1992) , the monkeys switched al. 1987; Thomas and Wilson 1967) . This also seems to be from active extension directly to active flexion without an interventhe case in monkeys (Flament et al. 1992 ) and humans ing neutral hold. For this task, we occasionally tested the monkeys (Aymard et al. 1995; Chalmers and Bawa 1997; Day et al. with different torque levels. Although the center-out and alternating 1984; Pierrot-Deseilligny 1989) . tasks are identical under steady-state conditions, the center-out task Some information on cervical PreM-INs is available for offers the advantage of a clearer comparison between active and cats. The location and input-output properties of some neu-passive states, is more sensitive for detecting bidirectionally modurons of the forelimb skin reflex pathway have been character-lated activity, and can identify transient OFF responses at the release ized (Hongo et al. 1989a,b; Kitazawa et al. 1993 ). The of active torque. rhythmic activity of last-order interneurons controlling the Force was measured by a calibrated strain gauge transducer with a sensitivity of 0.26 mV/Nm. Torque was computed as the product activity of elbow motoneurons during fictive locomotion also of force times the length of the radial arm from the attachment has been described (Ichikawa et al. 1991 In this paper, we document the responses of spinal cord a large ''motor unit'' signature in the STA of unrectified EMG in neurons during behaviorally controlled voluntary wrist a single muscle. Premotor interneurons (PreM-INs) had a PSE movement. Interneurons were classified according to their with an onset latency of ¢3.5 ms in the STA of rectified EMG for correlational linkages with active muscles. Their contribu-at least one muscle. PreM-INs with at least one PSE with a latency of õ4.5 ms were classified as last-order interneurons. STA features tion to the generation of active torque about the wrist was with onsets earlier than 3.5 ms after the trigger spike were classified elucidated by their discharge patterns. As described for as early spike-related effects that could not be due to a synaptic PreM-INs (Perlmutter et al. 1998) , most spinal interneurons connection from the trigger cell to MNs. Interneurons with STAs exhibit a significant level of activation with both flexion that exhibited an early effect but no PSEs were classified as synand extension. By analyzing whether and how this activity chrony interneurons (Sy-INs). Unidentified interneurons (U-INs) covaries with muscle force, we could further resolve the showed no spike-related modulations of EMG in any of the samparametric relation between firing rate and torque and the pled muscles. Neurons were classified as PreM-INs, Sy-INs, and functional relations between interneurons and voluntary U-INs only if ¢2,000 triggers were available to compute STAs. movements.
Response patterns M E T H O D S
To identify the response patterns of spinal neurons during the In three male macaques (2 Macaca nemestrina and 1 M. mu-ramp-and-hold task, we compiled averages separately for flexion latta), we recorded the activity of single C 6 -T 1 interneurons extra-and extension trials. In the center-out task, trials were aligned at cellularly with glass-coated tungsten microelectrodes. The surgery onset of the torque ramps; in the alternating task, trials were aligned for implanting the recording chamber, the experimental setup, the on the point of torque reversal (i.e., 0 torque at the transition from behavioral paradigm, and the procedures for recording electromyo-flexion to extension or vice versa). Unit histograms and torque graphic activity (EMG) and for identifying PreM-INs are described trajectories were averaged separately for each of the six target in the companion paper (Perlmutter et al. 1998) . Briefly, a unilat-levels for the center-out task and also across all flexion or extension eral laminectomy of vertebrae C 5 -T 1 was performed with the ani-trials. Response averages were compiled off-line with a binwidth mals under halothane or isoflurane anesthesia and a recording of 80 ms per channel. Figures show torque in the flexion and chamber was implanted. The implant remained securely fixed to extension directions as positive and negative deflections, respecthe vertebrae for°6 mo. During recording, the monkey was seated tively. in a primate chair with its head and upper back restrained. Unit A unit was said to modulate its activity if the response was activity and EMG from wrist and digit flexor and extensor muscles significantly above or below baseline activity (t-test, P õ 0.001). (see Perlmutter et al. 1998 for muscle abbreviations) were recorded In the center-out task, baseline was defined as the activity during and interneurons were classified on the basis of STAs of rectified the last second of the center hold period; in the alternating task, EMG as described below.
baseline was defined as the activity during the static hold period for the opposite torque. Response patterns were classified as tonic, phasic, phasic-tonic, decrementing, or ramp according to the
Behavioral paradigm
summed response average of all flexion or all extension trials. Phasic peaks or troughs had to differ significantly from tonic comThe monkeys were trained to produce isometric ramp-and-hold ponents or baseline activity (t-test, P õ 0.001). For each unit, a flexion or extension torques of the wrist after step changes in a preferred direction, i.e., flexion or extension, was defined as the visual target. One animal, monkey W, was trained in the centerdirection with the strongest increase in discharge. No preferred out task and the other two monkeys, B and R, in the alternating direction was assigned for 24 units whose only modulation was task (Perlmutter et al. 1998 ). In the center-out task, a trial always decreasing activity, relative to baseline, in one or both directions. began from a relaxed wrist position (center position) and required sustained active flexion or extension at one of three different torque levels-0.04, 0.07, or 0.1 Newton-meters (Nm), {0.02 Nm-Onset estimation followed by a release back to the center position. Hold times varied randomly between 1.5 and 2.0 s for flexion and extension targets Criteria for defining the onset of activity in response averages were formulated empirically on representative data and then apand between 1.0 and 4.0 s for the center position. In the alternating task, used previously in studies of wrist-related CM cells (Fetz plied consistently to all trials. In the center-out task, torque onset for each successful trial was calculated as the first bin in which and Cheney 1980), RM cells (Mewes and Cheney 1991) , and the rate of change of torque was ú0.8 Nm/s (smaller values were in the noise level during steady torque production) and torque rose continuously afterwards.
Unit onset was determined as the first of three bins, of five consecutive bins, that had counts ú2 SD above baseline activity. EMG onset was determined as the first of four bins, of five consecutive bins, that had counts ú2 SD above baseline activity. Occasionally, these criteria were applied to 1 SD for units or EMGs with weak modulation. Statistical differences were determined with Student's t-test or analysis of variance (ANOVA) with post hoc Scheffe tests.
Relation to movement parameters
The relation between neuronal firing rate and torque was assessed from trial-by-trial data. For units with a tonic response component (i.e., a constant firing rate during the static hold), mean instantaneous firing rate (spikes/s) and mean torque (Nm) were calculated in the last second of the hold period of each trial (Fig.  1) . A scatter plot of tonic firing rate versus static torque was displayed for all trials and linear Pearson correlation coefficients were calculated separately for flexion and extension. Torque sensitivity was measured by the rate-torque slope, i.e., the slope of the linear regression line in spikes/s/Nm. Rate-torque slopes were calculated for neurons that were recorded in ¢10 trials. Averages of correlation coefficients (using Fisher's z transformation) and slopes were calculated for different neuronal groups.
For units with a phasic response component, i.e., a transient increase in firing rate during the dynamic torque transition, the peak firing rate (spikes/s), peak rate of change of torque (Nm/s), and the time interval between them were calculated for each trial. Peak firing rate was determined from the four consecutive interspike intervals with the shortest average interval. Peak rate of change of torque (dT/dt) was calculated as the maximum of the first derivative of torque (max dT/dt, Fig. 1 ). These data were displayed in scatter plots of peak firing rate versus peak dT/dt for all trials, and linear correlation and regression coefficients were computed as described above. Figure 1 illustrates raw data for three trials of the center-torque and tonic firing rate were averaged trial-by-trial in the last second out step-tracking task, two in extension and one in flexion. of the hold period ( arrows ) . Peak firing rate and peak dT /dt are indicated by circles.
In response to the higher target level for the second extension trial (top), the monkey generated a higher static torque and neurons. Eighteen of the PreM-INs were classified as lastlarger rate of change of torque (dT/dt). The spinal inorder interneurons ( see METHODS ) . The properties of these terneuron fired during extension with a phasic-tonic pattern last-order interneurons were not significantly different and was silent in flexion and in the center position. The from those of other PreM-INs for all neuronal characterisEMGs of a flexor and an extensor muscle show that only tics described in this report. Therefore, last-order interneuthe agonists were activated during torque production and that rons are not considered separately for the remainder of the center position was reached and maintained by muscle this paper. relaxation. Figure 2 ( of the unit shown in Fig. 2 
1998). U-INs
showed no spike-related features in any of the tested muscles spikes / s ) and were inactive when the parent muscle was inactive ( i.e., during hold in the center position and during in STAs of ¢2,000 sweeps. Figure 5 illustrates an U-IN that had a resting discharge in the center position and increased antagonist contractions ) . The putative flexor carpi radialis ( FCR ) MN shown in Fig. 2 exhibited tonic activity during its activity in both the flexion and extension directions. The STAs of flexor and extensor muscles (not shown) exhibited flexion and was silent during extension. In contrast to the onset of many interneurons, the onset of MN activity al-no spike-related fluctuation. ways occurred with or after onset of the parent muscle activity. All MNs had finite recruitment thresholds in their Response patterns preferred directions.
The properties of an excitatory PreM-IN are illustrated in For the center-out task, spinal neurons were classified according to the modulation of their firing rates during Fig. 3 . The STA of a PreM-IN showed postspike facilitation or suppression of rectified EMG from one or several muscles flexion and extension with respect to any activity in the center hold position. The direction that corresponded to the with onset latencies of ¢3.5 ms (Perlmutter et al. 1998 ). The PreM-IN shown in Fig. 3 produced postspike facilitations in strongest increase in firing rate was called the unit's preferred direction. Spinal neurons showed a variety of reextensor digitorum-4,5 (ED-4,5) and extensor carpi ulnaris (ECU) at onset latencies of 8-9 ms. This excitatory PreM-sponse patterns in relation to the ramp-and-hold torques. The proportion of the response patterns seen in the preferred IN had a high tonic firing rate during extension and a slow resting discharge during the center hold (both properties direction for each cell type is summarized in Table 1 and Fig. 13 . Patterns of increased activity were classified as tonic distinguished this neuron from a MN). center position; thus in this task inhibitory response patterns predominant patterns, there were some less frequent variations, as shown in Table 1 . could be classified as tonic (t0, Fig. 9B ), phasic (p0), and phasic-tonic (p0t0). These inhibitory patterns usually The center-out task revealed that 8% of the interneurons exhibited a phasic burst or suppression of activity during the occurred in the nonpreferred direction. A few ''mixed'' units had an increasing and decreasing component in a single release of torque, i.e., when the monkey relaxed the agonist muscles to return to the zero-torque center position (Table  direction. For the alternating task, the cell's increased activity was judged relative to that in the opposite direction, 2). Figure 6 shows an example of such a ''release'' unit.
There was no antagonist muscle activity during the transient which precluded identification of tonic suppressed activity (t0). Thus in the alternating task, the only inhibitory re-phase of release, and no MN showed this kind of activity.
All release units also exhibited some kind of modulation sponse pattern that could be classified was phasic (p0). A few neurons exhibited only inhibitory response patterns, and during dynamic increases of torque.
In the alternating task, phasic increases in activity during no preferred direction was assigned (Table 1) .
The most common response patterns in each cell type release could be confounded with increased discharge prior to torque increases in the opposite direction. The prevalence were tonic and phasic-tonic discharge (Table 1) . Pure tonic discharge, which parallels the torque trajectory, was charac-of this confound could be evaluated in the center-out task.
In fact, most release units (39/46 Å 85%) that fired a burst teristic of 66% of MNs and 36% of interneurons. The phasictonic pattern, which includes a phasic burst of activity during at the end of torque in one direction also showed increased activity for active torque in the opposite direction (5/8 PreMthe change of torque, was seen more often for interneurons (35%) than for motoneurons (17%). In addition to these INs, 1/2 Sy-INs, and 33/36 U-INs).
J978-7 / 9k2e$$no45
10-20-98 20:01:56 neupa LP-Neurophys Percentages in terms of task-modulated units sampled. p/t/, phasic-tonic increase in activity; t/, tonic increase in activity; p/, phasic increase in activity; decr, decrementing activity; (p/)ramp, ramp activity with or without preceding phasic burst; MN, motoneurons; PreM-IN, premotor interneurons; Sy-IN and U-IN, synchrony and unidentified interneurons. * Two Sy-INs (1 in alternating task, 1 in center-out task) and 3 PreM-INs had activity that was not modulated with the task; these cells are described in the companion paper (Perlmutter et al. 1998) and are not discussed further in this paper. For other nonclassified cells, insufficient data were recorded on tape to classify response patterns.
Directionality
rons with bidirectional increases in activity (32% of interneurons) and 67 interneurons with increased discharge for The activity of neurons in their nonpreferred direction one direction and decreased discharge (relative to baseline) further differentiates their directional tuning (Table 2 ). For for the other (12%). Increasing responses in the nonpreeach unit, the activity in the nonpreferred direction was clas-ferred direction had phasic or phasic-tonic patterns more sified as being absent, unmodulated relative to baseline activ-often than responses in the preferred direction. Among these ity, or ''similar'' to or the ''inverse'' of the activity in the units, about half showed identical response patterns for both preferred direction. Units were classified as ''similar'' if they directions (15 of 30 PreM-INs, 8 of 14 Sy-INs, and 65 of showed increased activity with both flexion and extension 128 U-INs). The proportion of bidirectionally modulated and ''inverse'' if their activity increased in one direction interneurons was greater in the center-out task (55%) than and decreased in the other.
in the alternating task (30%), due in part to the fact that a All of the MNs exhibited unidirectional activity (i.e., ac-decreasing tonic response is undefinable in the alternating tivity in only 1 direction), but only 23% of the interneurons task. Remarkably, there were no clear differences between were unidirectional. The majority of interneurons (77%) these proportions for PreM-INs, Sy-INs, and U-INs. PSEs were bidirectionally active, i.e., discharged in some form of PreM-INs with bidirectional increases in activity did not during flexion and extension, with similar proportions for preferentially affect muscles with bidirectional activity (e.g., both variations of the task. Almost half of the interneurons brachioradialis) nor were the magnitude and latency of these (46%) were bidirectionally modulated, showing task-modu-PSEs significantly different from those of other PSEs. lated activity in the nonpreferred direction with either a simiBidirectional release activity was also common. Responses during release from both flexion and extension tarlar or inverse response pattern. These included 175 interneu- (Fig. 8) . For the center-out task, the activity of PreM-INs marizes the onset times of muscle and interneuronal activity started, on average, 11 { 84 (SD) ms before the onset of with respect to torque onset for the center-out task and with activity in the target muscle (83 unit-muscle pairs). For the respect to torque reversal for the alternating task. Muscles alternating task, the mean onset of PreM-INs was 46 { with primary action of wrist or digit flexion or extension 172 ms before that of their target muscles (58 pairs). The (i.e., carpi and digitorum muscles) were activated earlier and difference between the two tasks was not significant (t-test, exhibited smaller variations than muscles without primary P ú 0.2). The combined onset latency was 025 { 128 ms actions [brachioradialis (BR), abductor pollicis longus (86 PreM-INs). For most of the PreM-IN-target muscle pairs (APL), palmaris longus (PL), pronator teres (PT)]. Similar (86/141 Å 61%) the PreM-IN began firing before its target tendencies were found in the alternating task, although the muscle. The rank order of onset times relative to target musprecise order of onsets was different. Muscle onsets appeared cle onset for PreM-IN with different response patterns was to be earlier in the alternating task than in the center-out similar to that relative to torque. In the center-out task, units task, but this is largely attributable to the different reference with phasic components had an earlier onset than those with points for the measurements. Although the absolute values tonic components. Interestingly, the excitatory PreM-INs of the onset latencies for the two tasks cannot be compared, had significantly earlier onset times (034 { 119 ms; 74 their relative orders are directly comparable. cells) relative to their facilitated target muscles than the The onset times of PreM-INs, Sy-INs, and U-INs were inhibitory PreM-INs relative to their suppressed target musdistributed broadly. There was no significant statistical dif-cles (/51 { 156 ms; 12 cells; difference P õ 0.02). ference between them nor between flexor and extensor units (ANOVA). In general the range of onset times was at least Relation to static torque twice as large for interneurons as for muscles.
When grouped according to firing patterns, the interneuTo quantify the firing rate of interneurons and MNs as a function of torque, we required monkey W to generate three rons showed some differences in mean onset latencies (Table   J978- and FCR] is shown in Fig. 9 . This neuron was activated were tested at different static torque levels in the alternating task. Scatter plots of tonic firing rate versus static torque are phasically during flexion, but its firing rate for maintained Values are means { SD. n values are in parentheses. t/, tonic increase in activity; p/&, phasic increase in activity with or without other response components; decr, decrementing activity; t0&/supr, tonic decreasing or suppressed activity with or without other response components; p0&, phasic decrease in activity with or without other response components. * Significantly different from † among same group and task (analysis of variance, P õ 0.05). flexion torques did not increase over its relatively high firing were not statistically significant (ANOVA, P ú 0.75). Generally, for all four groups of spinal units with positive correlevel in the center hold. During extension, the activity decreased monotonically (Fig. 9B) . The regression shows a lation to torque the average rate-torque slope was higher for extension (overall mean: 322 spikes/s/Nm) than for flexion negative slope (0600 spikes/s/Nm), indicating the gradual decrease of activity with increases in extension torque until (mean: 257 spikes/s/Nm, ANOVA, F Å 6.3, P õ 0.013).
Among the units with negative correlations to torque were the unit was silenced at the highest torques. Given the relatively high resting discharge of this flexor PreM-IN, it makes seven PreM-INs and 13 U-INs. The negative extension and flexion slopes were similar for the U-INs. functional sense to suppress its activity during extension. Interestingly, its activity dropped in a graded manner. Seven PreM-INs of this type were recorded and five had the same Relation to dynamic torque pattern: negative correlation with torque produced by the antagonists of the facilitated muscles. Only one of these also Many spinal neurons also showed phasic activity associated with the dynamic transition to new levels of active torque. had a significant positive correlation to torque produced by the facilitated muscles.
The peak rate of change of torque during individual trials varied as the monkeys produced different levels of static A significant correlation with static torque (P õ 0.05) was found for the activity of all the MNs, 71% of the PreM-torque; higher static levels were acquired with higher rates of change (Fig. 1) . The relation between peak firing rate and INs, 67% of the Sy-INs, and 84% of the U-INs (of those with a sustained response component). Activity in the neu-peak dT/dt was investigated in monkey W for 34 PreM-INs, 6 Sy-INs, and 65 U-INs with a phasic response component. tral hold was excluded from the calculation of these correlations. Table 4 shows the mean values of the correlations and A phasic-tonic PreM-IN that facilitated a single flexor muscle, flexor digitorum superficialis (FDS), is shown in Fig. 10A . rate-torque slopes for the four populations separately for flexion and extension responses and for neurons with facilita-The scatter plot of peak firing rate versus peak dT/dt indicates a significant covariation of the phasic response component tory and suppressive features in STAs. Not surprisingly, the MNs showed the closest correlations with torque (mean r Å with dT/dt, with a slope of 228 (spikes/s)/(Nm/s) (Fig. 10B,  left) . In addition, the tonic firing rate of this PreM-IN was 0.84). The mean correlation coefficients of PreM-INs, SyINs, and U-INs were lower and resembled each other. The well correlated with static flexion torque (Fig. 10B, right) . A purely phasic, bidirectional response of a U-IN is shown in average extension rate-torque slopes of PreM-INs and UINs were similar and higher than those of MNs and Sy- Fig. 11 . Peak firing rate was related to the rate of torque change in both extension and flexion, with similar slopes of 249 and INs. However, these means were not significantly different (ANOVA, P ú 0.73). For flexion, the mean rate-torque 289 (spikes/s)/(Nm/s) (Fig. 11B) .
The average dynamic torque sensitivities for the three slopes of PreM-INs, Sy-INs, and U-INs were similar to each other and higher than those of MNs. Again, these differences populations are summarized in neurons (with phasic activity), the majority showed signifi-average slope between peak firing rate and peak dT/dt was higher for extension than for flexion. These differences becant relations to peak dT/dt (50% of the PreM-INs, 83% of the Sy-INs, and 77% of the U-INs). The mean correlation tween extension and flexion, as well as differences between the groups, were not, however, statistically significant (ANcoefficients between peak firing rate and peak dT/dt were similar among the interneuron groups. For each group, the OVA, P ú 0.5). Nevertheless, these trends in dynamic sensi- tivity are qualitatively similar to those found for the static The largest proportion of each neuronal type exhibited relation between firing rate and torque.
positive torque correlation in the preferred direction, and no On average, peak firing rate occurred after peak dT/dt for significant correlation in the nonpreferred direction (group all three groups of interneurons, with an overall average 1). The most obvious examples are MNs, which all inlatency of 62 ms (Table 5) . However, the majority of PreM-creased their activity unidirectionally. In addition, several INs (11/17) had peak firing rates occurring before peak other neurons had unidirectional parametric torque relations torque change. In contrast, peak firing rate occurred after (groups 2-4) and a few showed reciprocal correlations peak torque change for most U-INs (34/56).
(group 5). Thus the neurons in groups 1-5 showed monotonic changes in rate across the extended torque range. These monotonically modulated cells can be understood broadly Relation between PSEs and static torque correlation as being organized to contribute to movement in a given direction. In contrast, a significant proportion of each in- Figure 12 tabulates all the spinal neurons in terms of the terneuron type showed bidirectional positive torque relaparametric relation between tonic firing rate and static tions, increasing their rates in both the preferred and nonpretorque, in both their preferred and nonpreferred directions, ferred directions (group 6). These could contribute parametrepresented as a continuum on a single axis (as done implicrically to movement in both directions. Finally, a large group itly in the abscissa of the rate-torque figures). Neurons are of bidirectionally activated neurons (included in group 8) classified by the slopes (positive, negative, or flat) of these showed no significant parametric changes with static torque relations (diagrams on left of figure) rather than by response in either direction. Although active, they were not involved pattern. For example, group 8 of Fig. 12 includes neurons in controlling the torque levels in either direction. that had increased, tonic activity for one direction of torque, PreM-INs are tabulated separately in Fig. 12 , according but for which firing rate was independent of the magnitude of the torque. PreM-INs control the graded activity of wrist muscles duractive in the cell's preferred direction ) and on antagonist ing ramp-and-hold movements. Most of the PreM-INs muscles. Extending the previous analysis of the relation tested ( 42 / 59 Å 71% ) had firing rates that were correlated between cell activity and PSEs ( Fig. 12 (56) positive rate-torque slopes in the ON direction of facilitated muscles but also were correlated with torque in the oppoValues are means { SD, n values in parentheses. Slopes expressed in site direction, when these muscles were silent. A few (spikes/s)/(Nm/s). PSF, neurons with postspike facilitation; PSS, neurons PreM-INs had purely counterintuitive or ''incongruent'' with pure postspike suppression; SF, neurons with early facilitation; SS, neurons with pure early suppression; P.-p., peak-to-peak. Rate-torque relationships in preferred and nonpreferred directions for different groups of spinal neurons. PreMINs are tabulated separately according to their PSEs on agonist and antagonist muscles. Preferred direction was defined on the basis of highest phasic as well as tonic activity, so some neurons could show parametric increases of static firing rates in the nonpreferred direction (e.g., group 2). For this figure only, neurons for which the only task-related modulation was a decrease in activity for 1 direction of torque (''no preferred dir'' in Table 1 ) were assigned a preferred direction opposite that in which the firing rate decreased. Slope of parametric rate-torque relation is schematically indicated on left. Note that these slopes do not indicate response patterns; for example, 0 slope could represent unmodulated activity during the static hold period, modulated activity with no significant relation to static torque level, or no activity at all. For groups 2 and 3, continuity at 0 torque level shown in diagrams is schematic only (firing rate-torque relationships for 7/14 of these neurons were not continuous at transition between flexion and extension torques). Squares represent matched properties between PSE and static torque relation (see text for details), circles and triangles represent mixed and incongruent relations, respectively. firing rates of six neurons increased parametrically with types characterized in acute experiments. Determining such correspondence is complicated by the different identorques for which facilitated target muscles were inhibited.
Although Sy-INs do not generate output effects directly, tification criteria used in chronic and acute experiments. Spike-triggered averaging of EMG permits the classificathey are linked synaptically with premotor cells that do, so tion of spinal neurons into MNs, PreM-INs with PSEs in their torque relations also have functional implications. All forearm muscles, Sy-INs associated with early, ''synSy-INs with early facilitatory effects in STAs showed chrony'' effects in muscles, and U-INs with no spikematched relations between their PSEs and their static torquerelated modulation of muscle activity. This classification firing rate correlations. Of the 10 Sy-INs associated with is based strictly on the output effects associated with the facilitation of coactive muscles, 6 had positive correlations recorded neuron. In contrast, the classical identification to torque produced by those muscles and 4 had no static of spinal interneurons in anesthetized animals ( e.g., Iatorque-firing rate correlation. Sy-INs with early suppressive inhibitory interneuron ) is based largely on the profile of effects had primarily incongruent relations.
synaptic input activating the interneurons. In addition, we Interestingly, all three types of INs showed essentially could characterize the response patterns and force relasimilar distributions with regard to the extended rate-torque tions of neurons during normal voluntary activity. This relationships. For all types, the most common group was basic difference in criteria represents a fundamental diunidirectional monotonic increase in the preferred direction chotomy between the classification schemes used classi-(group 1, representing 55% of the total), followed by bidically and in the present study. rectional unmodulated (group 8; 19%) and bidirectional inOne could hope that the anatomic location of our interneucrease (group 6, 10%).
rons might help in correlating them with the classical groups.
D I S C U S S I O N
Unfortunately, our interneurons seemed to be distributed Identification of spinal neurons widely among Rexed's laminae, in part due to the limited accuracy of reconstruction procedures. Moreover, the classiIdeally, it would be desirable to identify the spinal interneurons described here in terms of the ''classical'' cell cal groups also show widely overlapping distributions, fur-FIG . 13. Summary of response patterns in the preferred direction for different populations of neurons during generation of flexion and extension torques at the wrist. Examples of each pattern are illustrated on left. Proportions are given for corticomotoneuronal (CM) (Fetz et al. 1989 ) and rubromotoneuronal cells (RM) (Fetz et al. 1989) , premotor afferents in dorsal root ganglia (DRG) (Flament et al. 1992) , spinal premotor interneurons (PreM-IN), spinal unidentified interneurons (U-IN), spinal interneurons with synchrony effects (Sy-IN), and motoneurons (MU). Latter combines motor unit data from Palmer and Fetz (1985) with putative motoneurons from present study. In contrast to Table 1 , which includes inhibitory patterns identifiable only in the center-out task, this figure summarizes patterns identifiable in the alternating task used in previous studies. Unmodulated U-INs are not included because they were not studied systematically and their proportion could be made arbitrarily large. ther vitiating any attempts to cross-identify interneuron types muscles under similar conditions (Palmer and Fetz 1985) .
Sy-IN

PreM
The previous motor unit sample included a larger proportion on the basis of anatomic location.
Although our classification of interneurons provides little of decrementing patterns, probably due to the higher torque levels examined in that study. insight into their possible participation in the classical spinal reflexes, it does provide more direct functional evidence
In contrast to MNs, interneurons showed a greater variety regarding their role in voluntary movement. The PreM-INs of response patterns, and a larger proportion of these patterns represent interneurons with causal linkages to MNs, proba-had a phasic component. Response patterns of PreM-INs bly either mono-or disynaptic. Although the Sy-INs had no and Sy-INs were remarkably similar to the proportions seen causal output effects, they are synchronized with other PreM in U-INs, suggesting that the activity of premotor interneucells, and their properties resemble those of PreM-INs and rons did not differ significantly from that of the larger popuMNs more closely than those of U-INs. Of course, the differ-lation of INs. ent categories should be interpreted with caution because The center-out task allowed identification of some new there are several reasons why some U-INs and Sy-INs may response patterns, such as ''suppressed'' discharge during be unidentified PreM-INs. Only some of the forearm muscles active production of torque, measured relative to a resting could be monitored, and even the recorded EMGs probably discharge during the relaxed center hold. Many decreasing sampled a subset of the motor units in the monitored mus-patterns resembled mirror images of phasic-tonic, tonic, and cles. Moreover some of the unidirectional interneurons might phasic types (Table 1) . Furthermore, the center-out task have had undetected connections to muscles that were inac-revealed that some units had release activity, i.e., transient tive when the unit was active. Irrespective of these qualifica-activity during cessation of active torque, usually accompations, the properties of identified PreM-INs do provide sig-nied by phasic modulation at onset of active torque. Release nificant information about the output effects and activity of activity was observed in all three classes of interneurons but premotor interneurons and their target muscles during nor-never in MNs or in the EMGs. mal voluntary movements.
In this one-dimensional movement task, ú90% of the task-related units had a preferred direction, defined as the direction associated with the strongest increase in firing.
Response patterns
However, most interneurons were also active in the nonpreferred direction, and for many this activity was also taskThe units' response patterns during ramp-and-hold torque modulated. Bidirectional activation also has been observed trajectories consist of two major components: the phasic for last-order cervical interneurons during both the flexor activity that occurs during dynamic changes in torque and and extensor phases of the fictive locomotor step cycle (Ichithe sustained discharge during maintained static torque. The kawa et al. 1991) . This indicates that although muscles are sustained activity was tonic in most cases but also could be activated reciprocally during flexion-extension movements, increasing or decrementing. The firing patterns in the prespinal neurons involved in these movements are not strictly ferred direction for different cell groups, including other partitioned into separate flexion and extension groups. The PreM populations, are shown in Fig. 13 . This tabulation combines our MNs with motor units recorded in forearm flexion-extension dimension may be represented centrally as J978-7 / 9k2e$$no45
10-20-98 20:01:56 neupa LP-Neurophys a movement continuum, with interneurons having overlap-as special cases of a sigmoidal relation between firing rate and torque, as exhibited by MNs. MN firing rates are zero ping domains of activity in these two opposing directions. below their recruitment threshold, then increase with torque over a restricted range and saturate at the upper end, as Relation to static torque and rate of change of torque illustrated for forelimb motor units studied in a similar task The PreM cells, which have output effects on their target (Palmer and Fetz 1985) . The behavior of most monotonic muscles, contribute causally to generating active force in interneurons can be viewed as components of a similar sigproportion to their activity. For this reason, their firing rate moidal behavior, with the nonlinear transitions occurring at as a function of active torque is a salient issue. Earlier studies different points of the extended torque range. Most (n Å in monkeys have investigated force coding of neurons in 26) of the PreM-INs with monotonic increases toward the motor cortex (reviewed by Evarts 1981; Hepp-Reymond preferred direction produced functionally consistent PSEs, 1988) , cerebellum (Smith and Bourbonnais 1981; Thach i.e., facilitation of agonist muscles and/or suppression of 1978), basal ganglia (Allum et al. 1983 ; Mink and Thach antagonists (squares in Fig. 12 ). Because the increase of 1991a,b), and thalamus (Anner-Baratti et al. 1986 ). Similar firing rate with torque produces a proportional facilitation analyses have been done for CM cells (Cheney and Fetz or suppression of target muscles, PreM-INs with these prop-1980; Maier et al. 1993 ) and RM cells ; erties can be regarded as being causally involved in generatMewes and Cheney 1994) . In this study, we found that ing and regulating active force. most PreM-INs with tonic response components showed a Other PreM-INs showed an apparent incongruity between significant parametric relation to static torque. The mean the correlation with torque and their PSEs. Relatively few rate-torque slope (i.e., the sensitivity, or gain, of this rela-of the monotonic PreM-INs (n Å 8, triangles) showed the tion) tended to be higher for PreM-INs, Sy-INs, and U-INs inverse relation between extended rate-torque slope and than for MNs. Generally, mean extension slopes were higher PSEs. The nonmonotonically modulated cells of group 6, than flexion slopes.
which showed parametric increases in both directions, also The sensitivity of MNs should be similar to that measured do not make simple functional sense in a task with alternating for motor units under comparable conditions. Palmer and sets of activated muscles. Although some muscles with only Fetz (1985) found mean values of 260 and 410 spikes/s/ secondary flexion/extension action were bidirectionally acNm, respectively, for extension and flexion motor units. tive, they were not facilitated preferentially by incongruent Mean values were similar for our extension MNs but not PreM-INs. One could make functional sense of these units for the flexion MNs. This discrepancy is probably due to by considering several points. First, all the incongruent the restricted samples in both studies.
PreM-INs were activated bidirectionally, which indicates Most of the tested interneurons with phasic increasing that they facilitated their target muscles whether they were components showed clear correlations between peak phasic producing torque or not. However, the seemingly inappropriactivity and rate of change of torque (dT/dt). As found for ate excitation is countered by simultaneous inhibition. Such static torques, all three populations showed a trend for higher inhibition of MNs is provided exclusively by interneurons, sensitivity in extension than in flexion.
including the inhibitory PreM-INs identified by postspike suppression. Moreover, in other behavioral situations, such as grasping, the wrist needs to be stabilized in all of its Output effects versus torque relation degrees of freedom. Neurons related to the acts of stiffening the wrist or radial/ulnar deviation could have incongruent To understand the contribution of PreM-INs to movement, we must interpret their response patterns in the context of relations between their PSE and response in the flexionextension task. Alternatively, seemingly incongruent facilitatheir output projections. In the companion paper we described the various relations between the PSEs and activity tory PSEs may not generate inappropriate excitation of motoneurons if they are mediated by an intervening interneuron patterns of PreM-INs (Perlmutter et al. 1998) . In the present study, we extended this analysis to the parametric change that is inactive when the muscle is inactive. in firing rate with static torque in the context of both torque directions. We observed a variety of parametric rate changes Comparison with supraspinal and afferent PreM cells (Fig. 12) , consisting of different combinations of increasing, decreasing, or unchanged activity with torques in the preIt is interesting to compare the properties of spinal PreMINs with those of other populations of neurons previously ferred and nonpreferred directions. In considering the flexion-extension axis as a continuum, we broaden the con-tested under similar conditions, i.e., in the alternating task.
The majority of response patterns of PreM-INs also have cept of the ''strict'' reciprocal organization and suggest that the cells' relation to increasing torque in the preferred direc-been seen in supraspinal and afferent premotor cells (Fig.  13) . The most prominent among those were phasic-tonic, tion could be seen as a continuation of its relation to decreasing torque in the nonpreferred direction.
followed by tonic and phasic patterns, which also were common in the CM, RM, and DRG populations (Cheney and Most cells exhibited a monotonic change in rate over this extended torque range, usually with a transition at the origin Fetz 1980; Flament et al. 1992; Mewes and Cheney 1994) .
Functionally it is useful to consider these neuronal re-(groups 1-5 in Fig. 12 ). The most common monotonic behavior for each population was increased activity with sponse patterns in terms of the activity during the dynamic transition in torque and during the sustained, static hold. The torque in the preferred direction and no change with torque in the opposite direction (group 1). The other groups with phasic activity during dynamic torque change is initiated by central commands and reflects the neural mechanisms that monotonic changes seem different, but all five can be seen alter the balance of muscle activity. In contrast, the sustained may be involved in movement initiation (Cheney and Fetz 1980; Mewes and Cheney 1994) . This trend also is reflected activity during the static hold represents a combination of central and peripheral drive, which maintains a steady level in the mean lead onset times relative to target muscles. The average onsets of segmental neurons in the alternating task of muscle activity. Phasic modulations during changes in torque were significantly more prevalent in spinal interneu-[46 ms for PreM-INs and 51 ms for PreM DRG afferents (Flament et al. 1992) ] were later than the mean onset of rons (58%) than in motor units (26%). Supraspinal PreM cells also showed a greater proportion of phasic modulation supraspinal CM and RM cells [82 and 88 ms, respectively (Cheney and Fetz 1980; Mewes and Cheney 1994) ]. (CM, 60%; RM, 66%). The fact that strong phasic input from these PreM cells did not generate more phasic reAmong each of the four PreM populations, phasic units tended to be activated first, followed by tonic units. The sponses in their target MNs may reflect the need for this early synaptic drive to bring MNs to firing level and overcome any PreM-INs that were activated after EMG onset, such as the majority of inhibitory PreM-INs, might include cells primarremaining inhibitory inputs from the antagonist response. The prevalence of sustained activity during the static hold ily driven by peripheral input from cutaneous and proprioceptive receptors activated after EMG onset. In contrast, the also differed for each population. While virtually all MNs and CM cells had sustained activity, the proportion was PreM-INs activated before EMG onset could be driven by supraspinal sources (including branches of CM and RM slightly less among spinal PreM-INs (86%), U-INs (81%), PreM afferents (73%), and RM cells (80%). cells) as well as by fusimotor-activated spindle afferents (Baldissera et al. 1981) . The mean onset times suggest a Whether the sustained activity is a parametric function of the level of static torque exerted is a further indication of successive recruitment order, with supraspinal PreM cells tending to be activated first, followed by afferent PreM cells, functional involvement. Of the tested PreM-INs, 71% had activity that was correlated significantly with static torque and, finally, spinal PreM-INs. However, the large dispersion in each of these distributions produces considerable overlap compared with 100% of CM cells and 70% of RM cells (Cheney and Fetz 1980; Mewes and Cheney 1994) . Rate-of onset times; this could be interpreted as a network of PreM units primarily activated in parallel, with some units torque slopes tended to be higher for extension than for flexion in all three PreM populations. However, PreM-INs preceding and others following muscle onset. seem to be less sensitive than CM cells but more sensitive than RM cells (e.g., extension mean slopes: CM, 480 spikes/ Functional conclusions s/Nm; PreM-IN, 342 spikes/s/Nm; RM, 160 spikes/s/Nm; MN, 253 spikes/s/Nm).
These results suggest that spinal interneurons and CM cells differ from each other in their relations to alternating Negative correlations between firing rate and wrist torque in the step tracking task have not been described so far for flexion-extension wrist movements. Whereas almost all CM cells fired unidirectionally, with either flexion or extension, CM or RM cells. Thach (1978) showed that some motor cortical neurons exhibit parametrically decreasing activity in but not both, most of the INs were bidirectionally active.
This reflects a sharper representation of opposing movement the nonpreferred direction. Some spinal PreM-INs displayed significant negative correlations to static torque, usually to direction in the premotor cortical output neurons than the broader, overlapping representation in spinal neurons. Instatic torque produced by antagonists of their facilitated muscles. These units thus shut off their facilitation when torque deed, some spinal neurons increased their activity with torque in both directions, a property never seen in any suwas generated in the nonfacilitated direction and did so in a linearly graded fashion. In contrast, some CM cells had praspinal CM or RM cells. The bidirectional activity of excitatory PreM-INs has a counterproductive component-i.e., negative correlations to force produced in the precision grip and facilitated force-producing muscles (Maier et al. 1993) . the activity that occurs when their facilitated target muscles must be inactivated. Clearly these inappropriate excitatory Interestingly, the populations differed significantly in their tendency to exhibit bidirectional activity. Including unmod-effects are gated out or overridden by simultaneous inhibition from inhibitory interneurons. This coactivation of excitulated activity, about three-fourths of the PreM-INs showed some activity in both flexion and extension. Such bidirec-atory and inhibitory PreM-INs in the spinal cord differs from the reciprocal activation of excitatory CM cells in the cortex. tional activity was seen for all RM cells, but none of the CM cells and relatively few DRG PreM afferents. Thus the Another difference between cortex and spinal cord involves the organization of the muscle fields. CM cells generunidirectional activity of the CM and DRG afferents resembles that of their target muscles, whereas the bidirectional ally have larger excitatory muscle fields and often exert reciprocal inhibition on antagonists of their facilitated target activity of INs and RM cells is related more broadly to movement. muscles. In contrast, spinal PreM-INs have smaller muscle fields that are either excitatory or inhibitory but not both The wide distributions of PreM onset times relative to target muscle onset may reflect functional divisions within (Perlmutter et al. 1998) . The more specific projections of spinal INs, combined with their broader activation, indicate the population: those with earlier onset may be driven by networks initiating movements (feedforward), and those that spinal circuits tend to operate more in terms of separate but simultaneously activated excitatory and inhibitory influwith later onsets may be involved in controlling movement via sensory feedback. Two-thirds of PreM-INs and DRG ences, whereas cortical output cells are organized more in terms of muscle synergies generating movement. premotor neurons were activated before EMG onset in target muscles (Flament et al. 1992) . Among CM and RM cells
In the present task, the multifunctional wrist has been restricted to a 1 degree-of-freedom joint working in a recipa larger proportion was activated before target onset (71 and 94%), indicating that more of the supraspinal PreM units rocal fashion. It seems likely that PreM-INs could have a J978-7 / 9k2e$$no45
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